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Abstract
During physical Human-Robot Interaction
(pHRI) in industrial applications such as
human-robot collaborative abrasive blasting,
the operator often interacts with the robot us-
ing two hands, exchanging forces through han-
dle bars. For the robot to provide appropri-
ate assistance to the operator and for safe in-
teraction, it would be beneficial for the robot
to know the pose of the user. This problem
is often challenging due to environmental fac-
tors, limited sensing capability in the environ-
ment and the robot, and redundancy of the hu-
man upper-limb. This paper presents experi-
mental study on how two-hand interaction and
force exchange affect the operators upper-limb
pose, which can be characterized by swivel an-
gle. The poses of ten subjects were recorded as
they interacted with a collaborative robot. Dif-
ferences in the adopted upper limb pose were
analyzed with respect to factors such as uni-
manual versus bimanual operation, and the am-
plitude of interaction force between an operator
and the robot. The results discovered that the
the effect of bimanual operation on the upper
limb pose differs between individuals and the
magnitude of the force had a varying effect on
the pose. The requirement of applying a force
forward produced an overall lower swivel angle.
1 Introduction
One reason as to why collaborative robots are gain-
ing interest is due to their capability to utilize human
adaptability with robotic strength [Spinelli et al., 2015;
Krüger et al., 2009]. An example of this are robots em-
ployed to assist human workers by reducing the amount
of effort required in tasks [Sylla et al., 2014]. During
physical Human-Robot Interaction (pHRI) in industrial
applications such as human-robot collaborative abrasive
blasting (Figure 1), the operator often interacts with the
robot with two hands, exchanging forces through handle
bars. To ensure the safety of the user and improve the
effectiveness of the robot assistance, it would be bene-
ficial for the robot to know the user’s pose. For exam-
ple, pose estimation of the user in the workspace of the
robot would allow the robot to accommodate the hu-
man in the robot’s collision detection and/or avoidance
algorithm. Other influence of the pose on robot behav-
ior would be in intent recognition or in the calculation
of human strength through the use of a musculoskeletal
model [Holzbaur et al., 2005]. Studies conducted on the
capability of a human to exert forces at the hand us-
ing musculoskeletal models [Carmichael and Liu, 2013;
2015; Hernandez et al., 2015; 2016] have found that the






Figure 1: An example scenario: a physical human robot
collaborative abrasive blasting
Determining the pose of the human upper limb is often
challenging due to environmental factors. These factors
include presence of objects that obscure views from the
sensors or unfavorable lighting conditions. Limited sens-
ing capabilities in the environment and lack of sensing
from the robot also reduces the amount of information
that can be perceived from the user. A large degree of
freedom (DOF) and the redundant nature of the human
upper limb means that multiple poses exist for a given
hand or wrist position. Current solutions to real time
measurement of poses is often not practical for many
applications. A motion capture system require many
cameras placed in a well defined environment to reliably
track a person. Marker or Inertial Measurement Unit
(IMU) based tracking systems require the user to accu-
rately place sensors or markers on the user’s body which
is not compatible for real life or industrial applications
where protective equipment are commonly used.
Models for predicting upper limb pose have been de-
veloped that reduce the need for direct measurement
[Soechting et al., 1995; Kim et al., 2012; Li et al., 2013;
2015; Kang et al., 2005]. These models utilized various
concepts such as minimizing change in the kinetic energy
[Soechting et al., 1995] or maximizing manipulability of
the hand towards a point on the head [Kim et al., 2012].
Upper limb prediction models are often developed based
on a free unconstrained operator conditions.
In a pHRI scenario, such as the one shown in Fig-
ure 1, it cannot be assumed that the human will be able
to move freely. By having the robot in the physical prox-
imity of the human several constraints are placed on the
poses that the human is able to undertake. The robot
may be controlled through physical interaction by apply-
ing forces through an interface such as a handle. Factors
such as the handle positions and orientations prescribes
the relative distance between hands, which was found to
alter force output capabilities [Lin et al., 2012]. Having
a predefined handle dictates the orientation of the wrist,
which has been shown to alter the adopted pose of the
user [Kim and Rosen, 2015]. In tasks where the human is
required to exert forces, the adopted pose may be altered
to account for the forces that needs to be supplied. This
paper presents and investigation on the significance of
interaction forces and bimanual operation on the human
pose adopted during interaction with a robot.
2 Upper Limb Pose Definition
The human upper limb has a large range of motion which
allows humans to naturally adopt a comfortable pose for
a specific hand position. The upper limb is often approx-
imated as a system with 7 DOF, consisting of a 3 DOF
shoulder, 1 DOF elbow and 3 DOF wrist. This results in
a 1 DOF redundancy when the position and orientation
of the hand is defined. One parameterization of this re-
dundancy is called the swivel angle φ [Tolani and Badler,
1996]. Utilizing the swivel angle, the configuration of
the upper limb can be defined alongside the position
[PWX , PWY , PWZ ] and orientation [RWX , RWY , RWZ ]
of the wrist relative to the shoulder (Equation 1).
pose = [PWX , PWY , PWZ , RWX , RWY , RWZ , φ] (1)
(a) (b)
Figure 2: a) Location of the swivel coordinate frame PC
in relation to the subject’s shoulder PS , elbow PE and
wrist PW b) Swivel coordinate frame ~u× ~v showing the
swivel angle φ and direction of gravity ~g.
PC = PS + U cos(α) (2)
cos(α) =
L2 − U2 − ||PW − PS ||
2U ||PW − PS ||
PE = R[cos(φ)~u+ sin(φ)~v] + PC (3)
R = U sin(α)
~n =
(PW − PS)
||PW − PS ||
, ~u =
~g − (~g · ~n)~n
~g − (~g · ~n)~n
, ~v = ~n× ~u (4)
The swivel angle φ refers to the angle relative to an imag-
inary coordinate frame positioned along a vector between
the wrist and the shoulder on the point PC . PC can be
calculated using the position of the shoulder PS , the po-
sition of the wrist PW , and the length of the upper and
lower arm, U and L respectively (Equation 2). The coor-
dinate frame is located in such a way that the position of
the elbow, PE (Equation 3), lies on the ~u~v plane where
~u is suggested to be aligned to the direction of gravity
~g (Equation 4) as shown in Figure 2. The swivel an-
gle φ of a given upper limb pose can be calculated by




Experiments were conducted which simulate a collabo-
rative operation between a human operator and an assis-
tive robot which is controlled using one or two handles
at the end effector. A universal robot UR10 was used for
all of the experiments (Figure 4). An end effector with
two handles was attached to the UR10 with an ATI Mini
45 force/torque sensor placed between the two handles
and the tool adapter of the robot. The force/torque sen-
sor was used to capture the magnitude and direction of
forces that were applied by the subjects. A ±5N thresh-
old was applied to the specified force in each experiment.
If a force was measured above this threshold the robot
will halt operation. The robot will resume operation
once the force applied by the user is between the applied
threshold. A visual aid, shown in Figure 3, was used to
display the forces being applied to aid the user in apply-
ing the correct magnitude of force. Visual cues dictated
the direction in which the force needs to be applied. The
visual aid also served as a distraction to the subject, re-
ducing their awareness in the movement of their upper
limb, which results in a more natural pose being adopted.
Figure 3: Visual aid used to display current
Force/Torque sensor output alongside current experi-
mental requirements such as the magnitude and direc-
tion of the force required from the subject and the cur-
rent end effector motion
The UR 10 robot was programmed to only move its
end effector when the force being applied by the sub-
ject satisfies the magnitude and directional requirement.
The orientation of the end effector was kept constant
as it moved along the specified path (Figure 4b). To
ensure repeatability and consistency of the upper limb
pose measurements between experiments and between
subjects, the trajectory of the end effector was deter-
mined by the robot. This removes the human error in
the path trajectory and allows comparison to be con-
ducted at the same point for the same subject across
different experiments or against other subjects. In all
of the experiments, the UR10’s end effector is moved at
0.1m/s.
Ten healthy subjects performed all six experiments.
All subjects were male, heights ranging from 165 cm
to 185 cm, with two being left handed. The experi-
ments conducted are covered under UTS ethical approval
HREC No:ETH15-0038. Each subject conducted the
(a) (b)
Figure 4: (a) Experimental setup showing a subject and
the UR10 robot used for the experiment (b) Path of the
end effector during experiment with the force coordinate
system.
.
experiments in a seated position with their back fully
rested. Each subjects were asked to minimize the move-
ment of their torso througout the experiment. The place-
ment of the seat for each subject was adjusted such that
the subjects never reach their full reach. When the arm
is fully stretched, the calculation of the swivel angle be-
comes inaccurate. The location of the seat were kept
constant throughout all experiments for the single sub-
ject. After each experiment, the volunteers are given a
short break to ensure that fatigue had a minimal effect
on the pose recorded.
Several experiments were conducted to observe the
pose that is adopted by the human upper limb under
different conditions or constraints. Experiments were
chosen to test the effect of the different conditions such
as whether one or two hands were used during the op-
eration or the magnitude of the force that the subject
had to apply during the experiment. The experiments
conducted were:
• Experiment 1: 1 hand, with no force applied by user
(1 Hand, 0N force)
• Experiment 2: 2 hands, with no force applied by
user (2 Hands, 0N force)
• Experiment 3: 1 hand, with 20N force being applied
along the direction of the task (1 Hand, 20N force,
+X)
• Experiment 4: 1 hand, with 40N force being applied
along the direction of the task (1 Hand, 40N force,
+X)
• Experiment 5: 1 hand, with 20N force being applied
along the direction of motion (1 Hand, 20N force,
YZ Plane)
• Experiment 6: 1 hand, with 40N force being applied
along the direction of motion (1 Hand, 40N force,
YZ Plane)
In one handed (Unimanual) experiments, the right
hand of the subject is used to hold the specified handle
(Figure 4a) and apply as little force as possible. This
experiment is designed to act as the baseline to which
other experimental results are compared against. Exper-
iment 2 requires the user to place both hands (Bimanual)
onto the end effector at specified handle locations. This
experiment will be used to determine if the addition of
the left hand will change the pose adopted by the right
limb. Experiments 3 to 6 require the user to apply a force
of either 20N or 40N in magnitude in a specified direc-
tion with little to no force in the other directions. For
the force direction, the coordinate system in Figure 4b
was used. In Experiments 3 and 4 the specified direc-
tion is along the nozzle of the end effector, +X (into the
page). These experiments were designed to determine
the effect of pushing against a load to the pose adopted
by the subjects. The increased force in Experiment 4
was chosen to determine whether an larger force further
increased the change in the upper limb pose. In Experi-
ments 5 and 6 the force is to be applied in the direction
of end effector motion. For example, between Pt 2 and
Pt 3 the specified force direction is in the -Z direction.
These experiments were designed to simulate moving a
heavy object or a slow responding end effector.
4 Data Collection
Reflective markers are attached to each subject’s shoul-
der, elbow and wrist to observe the adopted pose of the
upper limb. Markers are also attached to the end effec-
tor of the robot to track the user’s progress (Figure 4a).
The upper limb poses were recorded using an Optitrack
motion capture system which used 12 Optitrack Prime
17 W cameras placed 3 m above the ground and evenly
spaced around a 10 m diameter motion capture lab. The
data was collected at 120 frames per second.
4.1 Swivel Angle Calculation
The data obtained from the Optitrack system were used
to calculate the swivel angle at each time step. The full
pose of the upper limb were calculated by finding the
angle φ between the two vectors, ~u and
−−−→
PCPE (Equation
3). In each experiment a mean and standard deviation of
the swivel angle were calculated at specific end effector
points along the path. A comparison was then conducted
using the mean swivel angle obtained in Experiment 1
against data obtained in the other experiments. Exper-
iment 1 was chosen to be the baseline for comparison as
the subject is under no load other than gravity whilst
still constrained by the robot for the position and ori-
entation of their hands. The swivel angle recorded for
each subject during Experiment 1 were also compared
to determine variability across the subject cohort.
5 Result & Discussion
5.1 Experiment 1 - Unimanual Operation
with No Force Applied
To increase consistency of the result, each experiment
was repeated 6 times with each loop starting and end-
ing at Point 1. For every upper limb pose recorded in
the experiments, a swivel angle was calculated. These
swivel angles were grouped to specific end effector posi-
tions along the path. For each of these groups, a mean
and standard deviation value was calculated. Figure 5a
shows the mean and standard deviation of the swivel
angle in Experiment 1 for an individual subject. In Fig-
ure 5, the horizontal axes corresponds to the distance
traveled by the end effector throughout the experiment.
The vertical axes represents the calculated swivel angle.




Figure 5: (a) Swivel angles calculated in Experiment 1
from subject 5, (b) Mean swivel angles of all 10 subjects
in Experiment 1
From Figure 5a it can be seen that the swivel angle for
a given subject is repeatable with slight deviations. This
repeatability is also seen across the cohort. For each of
the 10 subjects the mean swivel angle at specified end
effector positions were calculated (Figure 5b). The mean
swivel angle values from Experiment 1 (Figure 5b) will
be used as the baseline for comparison with the swivel
angles from other experiments by the same subject.
To compare the difference in the calculated swivel an-
gles between subjects, a Root Mean Square Deviation
(RMSD) was used. Table 1 shows the RMSD for each of
the subject in Experiment 1. Each value was calculated
using one subject’s baseline compared to their own or
another subject’s swivel angles throughout Experiment
1.
In Experiment 1, it can be seen that the swivel an-
gles calculated along the same path is quite repeatable
(Figure 5a). Data obtained from other subjects also re-
flect this trend. When compared to their own data, the
RMSD values is the smallest (Table 1). Figure 5b and
Table 1 shows that from the data collected, every sub-
ject naturally adopts a different pose to perform a simi-
lar motion. Results from Experiment 1 suggests that an
upper limb prediction model should be individualized to
obtain a higher accuracy.
5.2 Experiment 2 - Bimanual Operation
with No Force Applied
In Experiment 2, each subject was tasked with apply-
ing as little force as possible whilst holding onto the end
effector with both hands. Similar to results found in Ex-
periment 1, the calculated swivel angles in Experiment
2 were quite repeatable. Figure 6 shows the mean swivel
angles which shows that each subject performed the Ex-
periment 2 in a different manner.
Figure 6: Mean swivel angles of all 10 subjects in Ex-
periment 2
A comparison was conducted on the difference that
was observed between swivel angles calculated in Exper-
iment 1 and 2. Figure 7 shows a plot of the mean and
standard deviation of the swivel angle calculated for sub-
ject 5 in Experiment 1 and 2. The overall trend across
all subject shows that there is a slight change in the cal-
culated swivel angle in Experiment 2. Observable effects
to the swivel angle differ between subjects. Several sub-
jects maintained a similar swivel angle to Experiment
1 with changes only occurring surrounding Pt 1 of the
experimental path, such as in Figure 7.
The effect of bimanual operation to the swivel angle is
difficult to ascertain from the results obtained in the ten
subjects. It is hypothesized that the bimanual operation
will affect the pose adopted by the user especially when
one of the arms is closer to it’s limit. This trend was
Figure 7: Comparison of the mean swivel angles for Ex-
periment 2 and Experiment 1
able to be seen in seven out of the ten subjects where
the largest difference in the swivel angle was observed
around Pt 1 where the left arm is close to its full reach.
The standard deviation of the swivel angle between Pt
3 and Pt 4 of the path is smaller in comparison to the
other sections of the experimental path. This is likely
due to the right arm being close to it’s full reach at this
area.
5.3 Experiments 3 and 4 - Unimanual
Operation with 20N or 40N Task Load
Experiments 3 and 4 required the subject to apply 20N
or 40N. The direction of the force was chosen to mimic
a sandblasting task where a load is applied by the oper-
ator along the direction of the end effector’s nozzle and
away from the torso. Similar to findings in previous ex-
periments, the calculated swivel angle in Experiments
3 and 4 were repeatable for each subject and a larger
variability observed across subjects (Figure 8a and 8b).
Figure 9a and 9b shows the comparison of the swivel
angle calculated for the respective experiments against
the swivel angle calculated for Experiment 1. From the
calculated swivel angles of all ten subjects, it was found
that the swivel angles in Experiments 3 and 4 were lower
in value when compared to the swivel angles from Ex-
periment 1. Seven of the ten subjects presented a lower
swivel angle in Experiment 4 when compared to Experi-
ment 3 but others was observed to have a higher overall
swivel angle. It was hypothesized that the lower swivel
angle allows the human body to exert a larger force in
the forward direction.
5.4 Experiments 5 & 6 - Unimanual
Operation with 20N or 40N
Interaction Load
In these two experiments, each subject was asked to ap-
ply forces of either 20N or 40N in magnitude. The di-
rection of the forces is altered to match the direction of
travel of the end effector.
In Experiment 5, four subjects were observed to per-
form the experiment in a similar manner to Experiment 1
Calculated Swivel Angles












Sub 1 4.97 6.08 5.69 9.93 21.08 26.19 13.98 10.04 12.87 18.34
Sub 2 6.42 4.57 5.07 8.83 19.80 24.90 12.78 9.54 11.18 17.06
Sub 3 6.07 5.34 4.34 8.79 19.62 24.71 12.58 10.02 11.33 16.87
Sub 4 10.96 9.49 9.49 3.50 13.11 17.57 8.86 14.50 9.81 9.86
Sub 5 21.43 19.91 19.52 13.14 5.00 9.41 10.48 25.90 16.20 9.11
Sub 6 26.67 24.99 24.77 17.51 10.31 4.28 15.24 31.15 16.06 9.23
Sub 7 13.80 12.15 11.85 7.17 9.71 14.28 5.96 18.01 11.61 8.04
Sub 8 10.86 10.26 10.56 14.66 26.05 31.22 18.97 3.49 16.86 23.38
Sub 9 13.94 11.82 11.92 9.45 15.81 15.58 12.27 16.61 4.35 8.40
Sub 10 19.14 17.50 17.28 10.03 10.04 9.61 9.96 23.45 9.71 2.94
Table 1: Root Mean Square Deviation (RMSD) comparison of a subject’s mean swivel angle against swivel angles of
all subjects calculated for Experiment 1
(a) Mean swivel angles for all 10 subjects for Experi-
ment 3
(b)
Figure 8: Mean swivel angles for all 10 subjects for: (a)
Experiment 3, (b) Experiment 4
(Figure 11a), where no load was exerted by the subjects.
Four other subjects had a higher overall swivel angle and
the last two subjects had a lower overall swivel angle. In
Experiment 6, several subjects had difficulty in directing
the force to the specified directions. This resulted in a
large shift in their upper limb pose such that the force
is exerted in the right direction. The variation in the
swivel angle is visible in Figure 11b where large shifts




Figure 9: Comparison of the mean swivel angles for Ex-
periment 1 and (a) Experiment 3, (b) Experiment 4
5.5 Summary of Each Individual
Table 2 highlights the difference between the swivel an-
gles for each subject. Each column in the table shows
the calculated RMSD of the subject’s swivel angle when
compared against the mean swivel angle calculated in
Experiment 1. RMSD values obtained for the same ex-
periment were not consistent between subjects. This
further highlights that each individual had a different
observed reaction to the factors being considered in this
paper.
(a) Mean swivel angles for all 10 subjects for Experi-
ment 3
(b)
Figure 10: Mean swivel angles for all 10 subjects for: (a)
Experiment 5, (b) Experiment 6
(a)
(b)
Figure 11: Comparison of the mean swivel angles for
Experiment 1 and (a) Experiment 5, (b) Experiment 6
6 Strength Comparison using a
Musculoskeletal Model
To investigate the trend of a lower swivel angle observed
in Experiments 3 and 4, a musculoskeletal model was
Exp 2 Exp 3 Exp 4 Exp 5 Exp 6
Sub 1 13.37 17.83 17.41 22.34 14.14
Sub 2 7.96 25.81 29.43 9.27 8.75
Sub 3 9.22 14.08 9.32 14.51 19.67
Sub 4 11.31 11.86 14.00 14.36 16.28
Sub 5 7.25 18.72 28.75 6.31 14.91
Sub 6 10.26 15.60 35.66 17.84 17.00
Sub 7 8.25 16.95 18.87 8.88 8.70
Sub 8 13.98 11.83 16.87 17.53 21.48
Sub 9 7.11 24.45 28.80 18.03 22.68
Sub 10 6.38 8.52 11.15 6.74 9.34
Table 2: Root Mean Square Deviation (RMSD) of the
swivel angles in different experiments, measured against
the baseline of the same individual
used to estimate the strength of subject 5. It was specu-
lated that subjects had some form of biomechanical ad-
vantage with a lower swivel angle and hence would adopt
it when required to exert force at the hand. An upper
limb model [Holzbaur et al., 2005] was used in the Open-
Sim software [Delp et al., 2007] to estimate the maximum
opposable strength at the hand. Experiments 1 and 4
were chosen as the two scenario to be compared. Exper-
iment 1 represents a case where the subject performed
the task with minimal force interaction. Experiment 4
represented a case where the subject was tasked with ap-
plying a large load in the forward direction. These two
experiments resulted in a different pose being adopted
by the user and it is expected that the strength of the
subject is different in these two experiments.
Figure 12: Maximum opposable force of the user during
Experiment 1 and Experiment 4
Figure 12 shows the mean and standard deviation of
the maximum opposable force at the hand of subject
5 for upper limb poses adopted in Experiments 1 and
4. The mean values of the maximum opposable force
were shown to have little in variation and all values are
greater than the 40N specified in Experiment 4. In Ex-
periment 1 the calculated standard deviation of the max-
imum opposable force is on average smaller than those
in Experiment 4. It is hypothesized that the increase
in the standard deviation is likely due to the subject’s
pose altering due to fatigue whereas in Experiment 1 the
maximum opposable force were consistent due to the low
strength requirement of the task.
7 Conclusion
From the experimental results collected on the pose
adopted by ten subjects, it was found that for each sub-
ject the swivel angle was observed to be repeatable with
small variation. The variation was significantly larger
when comparing swivel angle across subjects for the
same experiment The calculated swivel angle does not
remain consistent when comparing two different sub-
jects. The effect of bimanual operation on the upper
limb pose differs between individuals. When the user
is tasked with applying a force forward, it was found
that the magnitude of the force had a varying effect on
the pose. The requirement of applying a force forward
produced an overall lower swivel angle. The magnitude
of the force had a larger impact in the adopted pose
during the experiments where the direction of the force
to be applied is aligned to the path of the experiment.
This suggests that the direction of the human-robot in-
teraction force and magnitude is an important factor on
how it affects the operator’s pose. Subjects were found
to alter their pose significantly to be able to apply a
force in certain directions. Performing maximum oppos-
able strength calculation for Experiments 1 and 4 using a
musculoskeletal model shows that the subject had a sim-
ilar strength profile even with the change in the swivel
angle.
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